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SUMMARY 

Boundary-layer transition data on two types of highly cooled blunt 
bodies are correlated in terms of the ratio of wall to total enthalpy and 
the Reynolds number based on displacement thickness. The proposed corre- 
lation indicates that cooling may cause the boundary layer to go from 
laminar to turbulent flow. ? 

i;’. 
INTRODUCTION 

In recent years a large amount of transition data has been obtained 

s to determine the conditions under which transition will occur during re- 

I 

on blunt shapes because of the numerous experimental programs initiated 

entry. Correlations of these resdts were attempted in the investigation 
of references 1 to 3. None of these correlations are wholly successful 
or satisfying. 

The purpose of this report is to present a new correlation of the 
aforementioned data by revising the correlation first presented in ref- 
erence 3. The correlation of reference 3 is based on the ratio of wall 
to total enthalpy and the ratio of the local-displacement-thickness 
Reynolds number to the local Mach number. Although this parameter cor- 
relates the data well, it is not based on a physical model, nor is the 
displacement thickness calculated using real-gas boundary-layer solutions. 
In the present correlation1, real-gas boundary-layer solutions provided 
by AVCO are used to calculate the displacement thickness. 
consequences and implications of this new correlation are not fully 
understood. 

Many of the 

* 

’This revised correlation was first presented at the 1960 Bumblebee 
Aerodynamics Conference, May 9-10 at Ann Arbor, Michigan. 
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SYMBOLS 

speed of sound 

body diameter 

defined by eq. (A14) 

defined by eq. (A14) 

t o t a l  stream enthalpy 

form factor ,  s*/e 

transformed form factor ,  6;R/e, 

Mach number 

free-stream Reynolds number based on body diameter, pluld/pl 

displacement-thickness Reynolds number, p u 8*/pe e e  

moment urn-thi cknes s Reynolds number, peue 8/pe 

a x i a l  radius  

defined by eq. (Al4) 

veloc i ty  

distance along body surface 

distance normal t o  body surface 

pressure-gradient parameter 

displacement thickness 

defined by eq. (A14) 

momentum t h  i ckne s s 

absolute v i s c o s i t y  

defined by eq. ( 2 )  

density 

angle between normal t o  body surface and free-stream di rec t ion  

I 

8 

. 



Subscripts : 

3 

e 

TR transformed coordinate system 

l o c a l  free-stream conditions a t  edge of boundary l aye r  

t t r a n s i t i o n  conditions 

W conditions a t  wal l  

0 stagnation conditions behind normal shock 

1 free-stream conditions ahead of shock 

Superscripts : 

- transformed plane 

E D U C T I O N  OF DATA 

Location of Transition 

The present repor t  uses da ta  obtained on hemispheres and a l a rge  
b lunt  cone. Table I l i s t s  a l l  t h e  data used i n  t h i s  repor t  as w e l l  as 
t h e  var ious references from which t h e  t r ans i t i on  locat ions w e r e  obtained. 
No da ta  from roughened bodies are included. The reasons f o r  t h e  exclu- 
s ion of these t r a n s i t i o n  data a r e  presented i n  the t ex t .  

Displacement-Thickness Reynolds Nurriber 

In addi t ion t o  the  quant i t ies  obtained from the  various references 
l i s t e d  i n  table I, t h e  Reynolds number based on displacement thickness 
i s  needed. This can be obtained f romthe  momentum-thickness Reynolds 
number and t h e  form fac to r  a s  follows: 

Ree  = P R e g  

where 

Calculat,m of R e e  i s  made w i t h  the assumpt-m of i sen t ropic  flow 
at  the edge of the boundary l aye r  f romthe  s tagnat ion point  t o  t h e  point  
of i n t e r e s t .  The flow propert ies  are then calculated using an e f f ec t ive  
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specific-heat ratio, which approximates real-gas effects. This effective 
specific-heat ratio is varied as suggested in reference 2. 
tions of the momentum thickness are based on the methods outlined in 
reference 4. Thus, the momentum-thickness Reynolds nwnber including 
real-gas effects is expressed as 

The calcula- 

0.386 

- - &E per [o .n9 l ( l  - 0.090 p 

where 

2d In ue 
' =  d I n 6  

The pressure-gradient parameter 
point and around a hemisphere can be approximated as 

p has a value of 1/2 at the stagnation 

(Ip q cos 2 cp sin 2 cp dcp 2 
J O  P =  

cp 2 cos 2 cp sin 2 cp 

. 
( 3 )  * 

Although equation (3) is based on the assumptions of a perfect gas and 
Newtonian flow, it is reasonably accurate for real-gas flows for angular 
positions up to 60'. 

Once Ree is obtained, all that is required for the calculation of 
Re8* is the form factor. 
factor which includes real-gas effects is given in the appendix. 

An approximate method for obtaining a form 

RFSULTS AND DISCUSSION 

Correlation of Hemisphere Data 

Since different causes (e. g., surface roughness, cooling) have been 
postulated for the initiation of transition on cooled hemispheres, sev- 
eral correlations have been attempted to determine what parameters 
strongly influence transition on cooled hemispheres. A n  empirical cor- L 

relation parameter which is independent of roughness is considered in 
reference 3. This correlation is based on the ratio of wall to total 
enthalpy Q/HO and the ratio of the local displacement-thickness f 

Reynolds number to the local Mach number Re8*/Me. Although this 
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parameter co r re l a t e s  t h e  data  w e l l ,  it is  not based on a physical  model, 
nor i s  the  displacement thickness calculated using real-gas boundary- 
layer  solutions.  

Presented i n  f igu re  1 are  t h e  hemisphere da ta  of t a b l e  I i n  terms 
of t he  r a t i o  of w a l l  t o  t o t a l  enthalpy and t h e  local-displacement- 
thickness  Reynolds number based on real-gas proper t ies  and real-gas 
boundary-layer solutions.  For values o f  t h e  r a t i o  of wal l  t o  t o t a l  
enthalpy grea te r  than 0.15, t h e  da ta  are w e l l  correlated,  and a region 
between laminar and turbulent  flow i s  c l e a r l y  defined. It i s  a l so  inter- 
e s t ing  t o  note i n  f igu re  1 tha t ,  a t  constant values of displacement- 
thickness Reynolds number, cooling causes t h e  boundary layer  t o  go from 
laminar t o  turbulent  flow. The premature t r a n s i t i o n  found here with 
cooling i s  contrary t o  t h e  t rends predicted by small-disturbance theory. 

However, a t  values of t he  enthalpy r a t i o  less than 0.15, t h e  shock- 
tube results of reference 4 and t h e  f l i g h t  r e s u l t s  of reference 1 show 
some disagreement. It i s  not known whether t h i s  disagreement i s  due t o  
s c a t t e r  i n  t h e  f l i g h t  data  or  some type of shock-tube e f fec t .  

Transi t ion a s  Affected by Roughness 

It i s  evident from avai lab le  l i t e r a t u r e  t h a t  surface roughness w i l l  
a f f e c t  t h e  t r a n s i t i o n  r e su l t s .  However, s ince it is c l e a r l y  shown i n  
reference 5 t h a t  not only t h e  height  but t h e  type of t h e  roughness i s  
important, t h e  only leg i t imate  analysis t h a t  can be undertaken is  on 
surfaces  of t h e  same type of roughness. Since t h e  types of roughness on 
t h e  hemispheres compared a re  qui te  different,  no attempt i s  made t o  
analyze t h e  e f f e c t  of surface roughness on t r a n s i t i o n  data. 

Extension of Correlation t o  Other Shapes 

Since many p r a c t i c a l  blunt-nose shapes a r e  not hemispherical, it i s  
des i rab le  t o  show t h a t  t h e  correlat ion of t r a n s i t i o n  data  from other  
shapes can be at ta ined.  A p lo t  of t r ans i t i on  da ta  on a la rge  blunt  cone 
i s  shown i n  f igu re  2. This f igure  also shows good correlat ion.  

CONCLUDING REMARKS 

A reasonable cor re la t ion  of t r ans i t i on  r e s u l t s  on a hemisphere and 
a la rge  b lunt  cone has been at ta ined.  The cor re la t ion  ind ica tes  t h a t  
cooling may cause t h e  boundary layer  t o  go from laminar t o  tur-Duient flow. 

Since t h e  present correlat ion as w e l l  a s  t h e  data  contradict  t h e  
t rend  with cooling predicted by small-disturbance theory, addi t iona l  
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t heo re t i ca l  and experimental s tud ies  a r e  required.  Detailed invest iga-  
t i o n s  which attempt t o  determine the  o r ig in  of t h e  flow disturbances have 
been i n i t i a t e d  i n  reference 6. 
s ince they w i l l  eventual ly  lead t o  a bas ic  understanding of t h e  t r a n s i -  
t i o n  problem. A weakness i n  t h e  present  co r re l a t ion  i s  the  f a c t  t h a t  it 
i s  not motivated by any physical  model. More bas i c  s tud ies  a r e  required 
i f  t h e  usefulness of t he  present  co r re l a t ion  i s  ever t o  be determined. 

b 

Studies such a s  t h i s  should be encouraged, 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, August 15, 1960 

. 
8 
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APPENDIX - FORM FACTOR 
The form f a c t o r  i s  defined as 

H* S*/@ 

where 

The dens i ty  d i s t r ibu t ion  is  now approximated as 

4 This r e l a t i m  is  used In  reference 7, and, s ince  it matches both a t  t h e  
w a l l  and a t  t h e  edge of the  boundary layer, it i s  within t he  accuracy 
needed fo r  the present calculation. 
combined t o  yield 

I Equations (A4)  and (A2)  may be 

A s  i n  reference 7, t he  following are defined: 

where 
I 
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ii = u/a 1 

The barred quan t i t i e s  represent  quan t i t i e s  i n  a transformed coordinate 
system. 
system become 

Equations (A6)  and (A7) i n  terms of t h e  physical  coordinate 

4 

or  

Subst i tut ion of equations (A10) and (All) i n  equation (A5) y ie lds  e 

where qR/QTR can be thought of as t h e  transformed form fac to r  €I$R. 

In terms of the  notat ion of reference 8 the  
be comes 

where 

and 5 i s  defined by equation (2) .  -. 

transformed form fac to r  

. (A13) 
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The in tegra ls  i n  equation (A13) were evaluated using the  real-gas 
boundary-layer prof i les .  
respondence from Dr.  Kemp of AVCO and are t h e  same p ro f i l e s  a s  used i n  
ref. 8. ) Values of HTR + 1 are  presented i n  f igure  3 f o r  various 
values of t h e  pressure-gradient parameter p and t h e  r a t i o  popo/p*. 
Figure 3 plus equation (A12) can now be used t o  calculate  t h e  form 
fac tor  H. 

(These prof i les  were obtained i n  pr ivate  cor- 
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Refer- 
ence 
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M1 9, 
deg 

20 11.5 
30 12.0 
20 10.9 
30 10.3 
40 9.9 

20 .2  
19.6 

0.159 -7 X-17 R-2 
.147 -45 X-17 R-2 

7.8 
24.1 
23.2 
22.2 

3.80 

0.490 490 HTV RD 8 
0.575 838 Langley 

J- .544 765 
,517 719 

0.469 574 Langley 
0.241 62 Ames 

4 40 
40 
40 

a 
11 

& 

TABLE I. - TRANSITION DATA 
(a) Hemisphere 

12.7 
10 .6  

9.4 

0.136 
. 1 2 3  
.115 

- 31 
-60 

- 100 

X-17 R-8 

13.5 I 2; 1 13.7 
X-17 R-9 -;:: 1 X-17 R-9 

0.114 
12.0 

0.110 
23*6 21.9 1 .lo1 -315 -220 I X-17 x-17 R-ll R - 1 1  

13 .6  I 0.152 I -113 I X-17 R-22 

9’8 9.8 I O : 2  240 146 I HTV RD RD 1 . 
3 

I I 

10 I 40 I 4.0 
0.034 

.057 

. lo5 

- 94 
- 86 
-60 

AVCO 

(b) Blunt Cone 

1 7.9 
8.3 
8 .7  

10.7 

20.6 
21.0 
21.5 
15.8 

0.237 
.245 
.177 
.121 

352 
411 
298 
1 2  3 

X - 1 7  R-17 

i 
23.0 
20.9 
1 2 . 4  
1 2 . 4  

7.0 
5.8 

X-17 R-18 0.124 
.114 
, 1 1 2  
.111 

0.085 
.077 

114 
116 

95 
100 
30 
31 

11.4 
11.5 
10.0 
10.0 
13.0 
12.0 X-17 R - 2 1  I 
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Figure 3. - Variation of transformed form factor 
with density-viscosity parameter. 
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